Single nucleotide polymorphism (SNP) arrays are increasingly being used in clinical routine for genetic analysis of pediatric B-cell precursor acute lymphoblastic leukemias (BCP ALL).
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Single nucleotide polymorphism (SNP) arrays are increasingly being used in clinical routine for genetic analysis of pediatric B-cell precursor acute lymphoblastic leukemias (BCP ALL).
Because constitutional DNA is not readily available as a control at the time of diagnosis, it is important to be able to distinguish between acquired and constitutional aberrations in a diagnostic setting. In the present study we focused on uniparental isodisomies (UPIDs). SNP array analyses of 143 pediatric and 38 adult B-cell precursor acute lymphoblastic leukemias and matched remission samples revealed acquired whole chromosome or segmental UPIDs (wUPIDs, sUPIDs) in 32 cases (18%), without any age-or gender-related frequency differences. Acquired sUPIDs were larger than the constitutional ones (mean 35.3 Mb vs. 10.7 Mb; P<0.0001) and were more often terminally located in the chromosomes (69% vs. 4.5%; P<0.0001). Chromosomes 3, 5, and 9 were most often involved in acquired wUPIDs, whilst recurrent acquired sUPIDs targeted 6p, 9p, 9q, and 14q. The majority (56%) of sUPID9p was associated with homozygous CDKN2A deletions. In pediatric ALL, all wUPIDs were found in high hyperdiploid (51-67 chromosomes) cases and an extended analysis, also including unmatched diagnostic samples, revealed a higher frequency of wUPID-positivity in higher modal number (56-67 chromosomes) than in lower modal number (51-55 chromosomes) high hyperdiploid cases (34% versus 11%; P=0.04), suggesting different underlying mechanisms of formation of these subtypes of high hyperdiploidy.
INTRODUCTION
Constitutional uniparental heterodisomies and isodisomies (UPHDs, UPIDs) arise as a consequence of duplication of a maternal or paternal chromosome or chromosomal region with a concurrent loss of the other parental chromosome/alleles (Engel, 1980) . Uniparental hetero-and isodisomies can lead to developmental disorders, such as the Angelman, Beckwith-Wiedemann, Prader-Willi, and Silver-Russell syndromes, which are caused by imprinting defects involving chromosomal regions that harbor genes expressed in a parent-of-origin-specific manner. The imprinting abnormalities hence result either in two abnormally active alleles or in two silent alleles, leading to gene over-expression or loss of function, respectively. Furthermore, UPIDs may also result in duplication of recessive mutations (Yamazawa et al., 2010) .
Although uniparental disomy was initially proposed to explain certain genetic peculiarities of a few constitutional disorders, it is now well recognized that UPIDs may also be somatic tumor-associated changes of pathogenetic importance. Acquired whole chromosome and segmental UPIDs (wUPIDs, sUPIDs), also frequently referred to as copy neutral loss of heterozygosity, have been identified by single nucleotide polymorphism (SNP) array analyses of numerous tumor entities, including several types of myeloid malignancy. The pathogenetic impact of somatic wUPIDs is, in most instances, unknown, whereas sUPIDs often result in homozygous mutations of, for example, CEBPA and FLT3 in acute myeloid leukemia, JAK2 in polycythemia vera and other myeloproliferative neoplasms, NF1 in juvenile myelomonocytic leukemia, and TET2 in myelodysplastic syndromes and myeloproliferative neoplasms (Baxter et al., 2005; Fitzgibbon et al., 2005; Raghavan et al., 2005; Stephens et al., 2006; Paulsson et al., 2010b) . In contrast, there is a paucity of information on the patterns and frequencies of wUPIDs and sUPIDs in B-cell precursor acute lymphoblastic leukemia (BCP ALL). In fact, most studies of such leukemias have focused primarily on sUPIDs of 9p, revealing that they are often associated with homozygous deletions of the CDKN2A gene at 9p21.3 (Kuiper et al., 2007; Mullighan et al., 2007; Kawamata et al., 2008; Paulsson et al., 2010a) .
The aims of this study were twofold: i) to ascertain the patterns and frequencies of wUPIDs and sUPIDs in pediatric and adult BCP ALL and to delineate chromosomes and chromosomal regions that may harbor genes of importance in the leukemogenic process, and ii) to compare the frequencies, locations, and sizes of acquired and constitutional sUPIDs found at diagnosis and remission, respectively, in order to distinguish acquired and constitutional sUPIDs in a diagnostic setting.
MATERIALS AND METHODS

Patients
DNA of sufficient quality and quantity for SNP array analysis was available from 181 diagnostic BCP ALL samples, comprising 143 pediatric and 38 adult patients diagnosed between 1992 and 2014 and 1985 and 2014, respectively, which had been genetically investigated at the Department of Clinical Genetics, Lund, Sweden. In the pediatric cases, fluorescent in situ hybridization (FISH) or reverse-transcription polymerase chain reaction (PCR) analyses were used to screen for the translocations/gene fusions t(1;19)(q23;p13) [TCF3-PBX1], t(9;22)(q34;q11) [BCR-ABL1], and t(12;21)(p13;q22) [ETV6-RUNX1]. FISH or Southern blot analyses were used to identify 11q23/MLL rearrangements and SNP array analysis was applied to ascertain cases with intrachromosomal amplification of chromosome 21 (iAMP21) or aneuploidy, such as high hyperdiploidy (51-67 chromosomes). As regards the adult cases, no targeted molecular genetic analyses were compulsory during most of the study period; however, RT-PCR or FISH analyses of BCR-ABL1 were performed on the majority of cases during the last two decades.
DNA from paired remission samples was available in all 181 cases; additional remission samples without corresponding diagnostic samples could also be analyzed in 12 pediatric and five adult patients. Thus, in total, constitutional UPIDs could be ascertained in 198 patients. Details on all aberrations identified, focusing on microdeletions rather than on wUPIDs/sUPIDs, in 129 of the pediatric and 37 of the adult cases have been reported previously . Basic clinical and cytogenetic data on the cases with wUPIDs and/or sUPIDs are presented in Supporting Information Tables 1 and 2.
SNP Array Analyses
Details on the SNP array analyses have been described . In short, the SNP array systems HumanOmni1-Quad (~1.1 million markers), Human1M-Duo (~1.1 million markers), or HumanOmni5-Quad BeadChip (~5 million markers) (Illumina, San Diego, CA) were used. The analyses were done according to the manufacturer's instructions and the B-allele and the log2 ratios were analyzed with the Genome studio v2011.1 software (Illumina), extracting probe positions from the GRCh37 genome build. The log2 ratio is used for determining copy number, where ratios above and below zero indicate gains and losses, respectively. The B-allele frequency indicates genotype. Thus, homozygous SNP reporters have a value of 0 or 1, whereas heterozygous reporters have a value of 0.5. In this study, regions with log2 ratios of 0, indicating diploidy, in combination with a B-allele frequency value of 0 or 1, indicating loss of heterozygosity, was defined as an UPID. This was done by visual inspection.
The threshold for a constitutional sUPID was set to ≥5 Mb, in line with previous studies (Kuiper et al., 2007; Dougherty et al., 2011; Ninomiya et al., 2012; Sund et al., 2013) . A lower cut-off would have "diluted" the findings because sUPIDs <5 Mb are frequent in the general population, being ancestral markers of an outbred population (Kuiper et al., 2007; Sund et al., 2013) .
Although a germline region of homozygosity in the vast majority of cases reflects homozygosity by descent (McQuillan et al., 2008; Sund et al., 2013) and not, in a formal sense, sUPID, the latter term is nevertheless used herein, partly because the SNP array patterns of regions of homozygosity and sUPIDs are the same and partly to avoid using different terms when comparing constitutional and acquired sUPIDs.
In the leukemic samples, all sUPIDs that were not present in the remission samples were classified as sUPIDs. The X and Y chromosomes in males were not included in the analyses. The investigation was reviewed and approved by the Research Ethics Committee at Lund University.
Statistical Analyses
The Chi-square with Yates' correction (two-tailed), Fisher exact probability (two-tailed), and Mann-Whitney tests were applied to compare the frequencies of acquired and constitutional UPIDs between children and adults, females and males, and among cytogenetic subgroups. The unpaired t test was used for comparison of the mean sizes of acquired and constitutional sUPIDs.
All analyses were performed at the VassarStats website for statistical computation (http://vassarstats.net/).
RESULTS
Frequencies, Locations, and Sizes of Acquired wUPIDs and sUPIDs in BCP ALL
Among the 143 pediatric BCP ALL samples analyzed, 24 (17%) harbored wUPIDs and/or sUPIDs ( Fig. 1 and Supporting Information Tables 1, 3, and 4). A total of 16 wUPIDs were identified in nine cases. Twenty sUPIDs were found in 18 cases, 14 (70%) of which were terminal and six (30%) interstitial. The following sUPIDs were recurrent: sUPID9p (25%), sUPID9q (15%), and sUPID14q (10%). The sUPIDs varied in size between 2.1 and 81.8 Mb, with a mean length of 36.9 Mb.
Of the 38 adult cases, 8 (21%) had wUPIDs and/or sUPIDs ( Fig. 1 
and Supporting
Information Tables 1, 3, and 4). A total of 13 wUPIDs were identified in three cases. Six sUPIDs were observed in five cases; of these sUPIDs, 4 (67%) were terminal and two (33%) interstitial.
Recurrent sUPIDs comprised sUPID9p (50%) and sUPID6p (33%). The sUPIDs spanned 13.0-43 Mb (mean 29.9 Mb).
There were no significant frequency differences of acquired wUPIDs and sUPIDs between children and adults or between females and males (Supporting Information Table 3 ).
Overall Distribution of Acquired UPIDs in BCP ALL
When combining all 29 wUPIDs identified in the entire cohort of 181 BCP ALLs, chromosomes 3, 5, and 9 were most often affected (>2 wUPIDs; Fig. 1 ). Of the 26 sUPIDs detected, chromosome arm 9p was by far the most commonly affected, followed by 9q, 6p, and 14q. The minimally involved regions were 6p22. 
Acquired UPIDs in Relation to Cytogenetic Subgroups
Among the 143 pediatric BCP ALLs, all cases with wUPID belonged to the cytogenetic subgroup high hyperdiploidy (P<0.0001) whilst the occurrence of sUPIDs did not vary significantly in relation to cytogenetic subgroup (Table 1) . When investigating the distribution of high hyperdiploid cases with and without wUPIDs in relation to lower (51-55 chromosomes) and higher (56-67 chromosomes) modal numbers, the analysis was extended to include also 36 cases without matched remission samples that had been previously analyzed by SNP arrays . The rationale for including also non-paired samples is the rarity of constitutional wUPIDs (Eggermann et al., 2015; present study) . Among a total of 70 high hyperdiploid cases, 35 had 51-55 chromosomes and of these four (11%) harbored wUPIDs. The corresponding frequency of the 35 cases with 56-67 chromosomes was 12 (34%) (P=0.04).
In the 38 adult BCP ALLs, the frequencies of wUPIDs and sUPIDs did not differ among the cytogenetic subgroups (Table 2) .
Frequency, Location, and Size of Constitutional wUPIDs and sUPIDs
Of the 155 pediatric remission samples analyzed, 10 (6.5%) harbored a total of 22 sUPIDs spanning at least 5 Mb; all except one (95%) were interstitial (Supporting Information Fig. 1 and Supporting Information Tables 5 and 6 ). The sUPIDs varied in size between 5.0 and 19.7 Mb (mean length 11.2 Mb). No constitutional wUPIDs were detected.
SNP array analyses of the 43 adult remission samples identified 10 patients (23%) who had a total of 22 sUPIDs; all but one (95%) were interstitial (Supporting Information Fig. 1 and Supporting Information Tables 5 and 6 ). The sizes of the sUPID spanned 5.3-30.5 Mb (mean 10.3 Mb). There were no constitutional wUPIDs.
Constitutional sUPIDs were significantly more common in adults, whereas there was no gender-related frequency difference (Supporting Information Table 6 ).
Acquired and Constitutional sUPIDs in Relation to Size and Location
The 26 acquired sUPIDs, found in all pediatric and adult BCP ALL cases combined, varied in size between 2.1 and 81.8 Mb (mean 35.3 Mb), whereas the 44 constitutional sUPIDs identified spanned 5.0-30.5 Mb (mean 10.7 Mb) (P<0.0001). Of the acquired sUPIDs, 18 (69%) were terminal and eight (31%) interstitial; the corresponding frequencies among the constitutional sUPIDs were 2 (4.5%) and 42 (96%) (P<0.0001).
DISCUSSION
Already in the early 1980s, acquired sUPIDs were identified in dominantly inherited tumors, such as retinoblastoma and Wilms' tumor; they constitute the "second hit" according to Knudson's two-hit hypothesis, leading to homozygosity of the germline mutation (Cavenee et al., 1983; Fearon et al., 1984) . With the advent of the SNP array technology, it became apparent that acquired sUPIDs also result in duplication of somatic mutations, which hence are heterozygous prior to the recombination event, as initially shown in myeloid malignancies (Baxter et al., 2005; Fitzgibbon et al., 2005; Raghavan et al., 2005) . In fact, the association between sUPIDs and homozygous mutations is so pronounced that mapping of sUPIDs by SNP arrays has been used successfully to identify novel leukemia-associated genes (Score and Cross, 2012) . This notwithstanding, surprisingly few SNP array-based studies of BCP ALL have focused on the patterns and frequencies of wUPIDs and sUPIDs. Instead, they have mainly reported, often en passant, the overall frequency of UPIDs in BCP ALL (20-30%) (Kawamata et al., 2008) , investigated specific cytogenetic subtypes, e.g., high hyperdiploidy, near-haploidy, and low hypodiploidy (Paulsson et al., 2010a; , or emphasized the association between sUPID9p and CDKN2A/B deletions (Kuiper et al., 2007; Kawamata et al., 2008; Sulong et al., 2009; Okamoto et al., 2010) .
We performed a detailed analysis of the patterns and frequencies of acquired as well as constitutional wUPIDs/sUPIDs in childhood and adult BCP ALL patients, aiming to identify distinguishing features between acquired and constitutional UPIDs, to delineate chromosomal regions where homozygous gene mutations or imprinting abnormalities may reside, and to ascertain possible associations with age, gender, and cytogenetic subtype. The most salient findings are that constitutional and acquired sUPIDs differ significantly in size and location and that wUPIDs vary among the cytogenetic subgroups in pediatric BCP ALL.
Constitutional sUPIDs were identified in ~10% of the patients, irrespective of gender. An unexpected finding was that constitutional sUPIDs were significantly more common in adults (Supporting Information Table 6 ). This may possibly be due to a higher degree of consanguinity among the parents to the adults, perhaps reflecting lower population mobility in former generations. However, this is quite speculative; the observed difference between children and adults is based on few individuals and may well be fortuitous.
Considering that SNP arrays are increasingly being used in clinical routine for genetic analysis of pediatric BCP ALL and that constitutional DNA is not readily available as a control at the time of diagnosis, it is important to be able to distinguish between acquired and constitutional sUPIDs in a diagnostic setting. A few studies have addressed this issue, focusing on the locations and the sizes of the sUPIDs. Constitutional sUPIDs, using the same cut-off (>5 Mb) as in the present study, were identified in approximately 10% of lymphoblastoid cell lines derived from healthy individuals (Score and Cross, 2012) . Because the sUPIDs were rarely >20 Mb in length, the authors suggested that this cut-off could be used to differentiate between germline and acquired sUPIDs in the absence of constitutional DNA. Our findings agree very well with that suggestionthe length of a germline sUPID exceeded 20 Mb in only one patient, in whom it most likely was the result of the parents belonging to the same kinship (case 40; Supporting Information Table 5 ). In fact, the presence of multiple, often large constitutional sUPIDs on different chromosomes, as found in a few of our patients (cases 38, 40, and 41; Supporting Information Tables 2 and 5), is strongly indicative of parental consanguinity (Sund et al., 2013) .
Thus, the occurrence of several sUPIDs in a case of BCP ALL would definitely suggest that they are constitutional, not least considering that the number of acquired sUPIDs in our series only ranged between 0 and 2, with a mean of less than one per case ( Supporting Information Tables 1   and 3 ). Also the location of an sUPID may help separate germline and acquired sUPIDs. Two previous studies, comparing the distribution of acquired and constitutional sUPIDs in hematologic malignancies, reported that the former ones were almost always terminally located at the chromosomes whereas the latter were predominantly interstitial (O'Keefe et al., 2010; Dougherty et al., 2011) . This was clearly confirmed in the present studythe acquired sUPIDs were significantly more often terminal and larger than the germline sUPIDs ( Fig. 1 and Supporting Information Fig. 1 ). Thus, based on our results and previous findings we conclude that if 1-3 large telomeric sUPIDs are present in a case of BCP ALL they are most likely acquired.
Acquired sUPIDs most frequently involved 9p and 9q, but were also recurrent at 6p and 14q (Fig. 1) . All sUPID9p identified herein included the genomic position of CDKN2A, a gene frequently deleted in BCP ALL (Moorman et al., 2014) , and 67% of the sUPID9p-postive cases harbored homozygous CDKN2A deletions, in line with previous findings (Kuiper et al., 2007; Kawamata et al., 2008; Okamoto et al., 2010; Paulsson et al., 2010a) . The functional outcome of the other sUPIDs identified is unknown. They may well harbor homozygous mutations but as of yet no genes known to be mutated in ALL reside in the chromosome segments recurrently involved.
The most likely mechanisms causing acquired sUPIDs are mitotic homologous recombinations and double strand break repair (Raghavan et al., 2010) . Both acquired and inherited defects and polymorphisms in the DNA repair system may lead to mitotic recombination events, perhaps at fragile sites, thus increasing the risk of sUPID formation. The possible involvement of fragile sites, which are particularly sensitive to interference during DNA synthesis and thus increase the likelihood of chromosomal lesions due to replication failure (Arlt et al., 2006; Lukusa and Fryns, 2008) , is noteworthy considering that some of the acquired sUPIDs in the present study were in close vicinity to, or directly overlapped with, well-known common fragile sites, such as FRA6C (at 6p22.2), FRA9C (9p21), FRA9F (9q12), FRA9E (9q32), and FRA11G (11q23.3) (Lukusa and Fryns, 2008) . Chromosomes 2, 6, 10, 12, 14, 18, 21, and 22 were not involved in any acquired wUPIDs in the present study (Fig. 1) , but wUPIDs of most of these chromosomes have been observed in BCP ALL previously (Irving et al., 2005; Kawamata et al., 2008; Paulsson et al., 2010a; Ninomiya et al., 2012; . However, chromosome 21 is clearly an "outlier" in this context. Although Rogan et al. (1995) described a case of Down syndrome-associated BCP ALL with an acquired wUPID21, no further BCP ALL cases with acquired wUPID21 have been reported, to the best of our knowledge (Irving et al., 2005; Kawamata et al., 2008; Paulsson et al., 2010a; Ninomiya et al., 2012; . One possible explanation for the absence of wUPID21 could be that there are imprinted genes on chromosome 21 and that a wUPID21 therefore could result in detrimental epigenetic changes that would kill the leukemic cells, in effect constituting an evolutionary dead end for the malignant clone. However, imprinted loci on chromosome 21 remain to be identified (Petersen et al., 1992; Ledbetter and Engel, 1995;  http://igc.otago.ac.nz/). All pediatric BCP ALL cases with wUPIDs were high hyperdiploid (Table 1) . Based on the findings of equal dosage for maternal and paternal alleles on tetrasomic chromosomes in high hyperdiploid cases, it has been suggested that the high hyperdiploid karyotype usually arises by simultaneous gain of chromosomes during a single abnormal cell division (Onodera et al., 1992; Paulsson et al., 2003 Paulsson et al., , 2005 Paulsson et al., , 2010a . However, such an allele pattern would also be seen if high hyperdiploidy arose by an initial tetraploidization of a normal diploid cell with subsequent chromosome losses (Paulsson and Johansson, 2009 ). If that was the underlying mechanism of formation, then one would expect, on average, one-third of all disomies to be wUPIDswhen the four homologues are reduced to three, the allele ratio will by default be 2:1, and when these trisomies are reduced to disomies, the allele ratio will be 2:0 (wUPID) in one-third of instances.
If this "tetraploid pathway" were to be followed, then the ensuing high hyperdiploid cases would perhaps be characterized by higher chromosome modal numbers than the median of 55 chromosomes. The present observation of a significantly higher proportion of wUPID-positive high hyperdiploid cases among those with 56-67 chromosomes (34%) than in those with 51-55 chromosomes (11%) (P=0.04) is hence noteworthy, suggesting that some high hyperdiploid cases may well originate through an initial polyploidization followed by chromosome losses. If so, such cases may possibly display some distinct clinical features. Indeed, it has been reported that high hyperdiploid cases with high (>53/55) modal chromosome numbers have a superior outcome compared with those with lower modes (Raimondi et al., 1996; Moorman et al., 2003; .
In conclusion, the present study shows significant differences in size and chromosomal location between germline and acquired UPIDs, something that should be considered when using SNP array analyses in a diagnostic setting where constitutional DNA is not readily available for comparison. Furthermore, the chromosome segments found to be involved in acquired sUPIDs (Supporting Information Tables 1 and 4) may guide future studies in search of ALL-associated mutated genes.
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